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The increasing structural use of cables and cable-systems has given rise to a substantial technical
literature concerning their static and dynamic response. However, the majority of these works is based
on classical elasticity theory, according to which the rigidity of the cable is neglected. The present work
re-examines in detail the behavior of steel cables under in-plane loading, taking into account the effect of
the material microstructure on the overall stiffness, on the basis of the well-established simpliﬁed gradi-
ent elasticity theory. Accounting for two-dimensional deformations the generalized equilibrium equa-
tions under dipolar action are assessed and the corresponding boundary value problem is solved.
Numerical results obtained for a characteristic cable segment indicate a much stiffer behavior than the
one predicted by classical elasticity theory. This phenomenon is observed in the rod or cable-actuated
braking mechanism of bicycles and can be used in novel structural applications.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Cables belong to the wider class of the so-called tension struc-
tures (Leonard, 1988), in which the main load-carrying members
transmit loads to the foundation or support systems by tensile
stresses with no compression or ﬂexure allowed. More speciﬁcally,
cable structures respond in a nonlinear fashion to both pre-
stressing forces (end loads or self-weight), which exist in a pre-
dominant static equilibrium conﬁguration of the structure, and
in-service loads (variable live loads, static or dynamic). Usually,
in order to better understand the nonlinear nature of this response
and to arrive at exact and approximate solutions applicable to sev-
eral types of cable structures, single cable segments are considered.
These applications include suspended or cable-stayed bridges and
roofs, guyed towers, cable-logging systems as well as tow or moor-
ing lines for various ocean structures. Examples of design with
cables can be found in the work of Otto (1973). Cables combined
with struts can be used as parts of the so called Tensegrity struc-
tures, Wang (1998a,b). Cable modeling has enormous implications
on the analysis of structures such as membranes, textiles, nature
shapes, parachutes, sails etc.
Benecke and Van Vuuren (2005) give a good history background
for the problem of determining the shape of and tension in a per-
fectly ﬂexible elastic cable suspended in a vertical plane under the
sole inﬂuence of gravity. Almost 400 years ago, Bernoulli, Huygens
and Leibniz found independently the true shape to be hyperbolic
cosine. Since then, the original catenary problem was extendedll rights reserved.
: +30 2421074169.
kopoulos), dimsof@civ.uth.grby allowing more general continuum loads, as well as elasticity
and bending stiffness in the cable. More recently, shear force and
twisting are included, as well as non-linear effects. In this work
we are interested in the 2-D reference conﬁguration of an perfectly
ﬂexible elastic cable that is ﬁxed at one point (x,y) = (0,0) and with
an applied load at the other point. The deformation of the cable
axis will be primarily an extension.
Vallabhan (2008) has given an approximate solution to incorpo-
rate stretching by modifying the load f by the f ðLo=LÞ, where Lo is
the initial length of the cable and L the length after axial straining
ðehh ¼ shh=EÞ. Andreu et al. (2006) showed that the approximation
is good for EA/F > 0.5 (F is the total applied load on the cable, E is
the elastic modulus and A its cross section).
The planar response of single segments is such that the loading
and the geometry (both unstressed and stressed) all lie in a single
plane. In the relevant literature, this response is mainly sought on
the basis of classical elasticity theory, which neglects the shear
rigidity of the cable. In this work, we re-examine the behavior of
cable segments accounting for the effect of the material micro-
structure on the overall stiffness within the context of the well-
established gradient elasticity theory (Mindlin, 1968; Mindlin
and Eshel, 1968). The most general isotropic linear gradient elastic
theory was proposed by Mindlin (1968), who suggested 18 new
material constants to balance the dimensions of strains and gradi-
ents of strains. Mindlin, considering long wave deformation for
microstructure, simpliﬁed the general theory in what is known
as Form I, II and III. The Form II theory leads to a symmetric
total stress tensor. Aifantis (1992), Ru and Aifantis (1993) and
Vardoulakis et al. (1996) suggested a simpler Form II gradient elas-
tic theory that uses the two elastic constants and one internal
length scale parameter. Adopting this theory, a new boundary
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and static gradient elastic problems (Polyzos et al., 2003; Tsepoura
et al., 2003). A similar approach was taken by Amanatidou and
Aravas (2002), Wei (2006) and Tsamasfyros et al. (2007) to develop
new ﬁnite element methods. This theory is the simplest possible
special case of Mindlins Form II theory and this simpliﬁed gradient
theory will be used in this work.
The simpliﬁed Form II gradient elasticity theory of Mindlin (of-
ten referred to as dipolar gradient elasticity) has been used in
many problems. For example, fracture problems been addressed
by Fannjiang et al. (2002), Aravas and Giannakopoulos (2009),
Georgiadis (2003), Paulino et al. (2003), Gourgiotis and Georgiadis
(2009), Shi et al. (2000), Markolefas et al. (2009); dynamic prob-
lems by Georgiadis et al. (2004), Vardoulakis and Georgiadis
(1997), Charalabopoulos and Georgiadis (2008); stress functions
by Carlson (1966); dislocations by Lazar and Maugin (2006); plain
strain problems by Aravas (2011) and Georgiadis and Anagnostou
(2008); stability problems by Exadaktylos and Vardoulakis (1998)
and Papargyri-Beskou et al. (2003).
For 2-D plain conditions and under dipolar action the general-
ized equilibrium equations of cables are assessed, and the corre-
sponding boundary value problem is solved using a backward
Euler method (Hildebrand, 1987). Numerical results obtained for
a characteristic cable segment reveal a much stiffer behavior, as
compared with the one predicted by classical elasticity (Irvine,
1992). Such phenomena are connected to real applications, such
as the rim-braking mechanism of bicycles, where dipolar action
via brake levers or pedals is directly introduced (Wilson, 2004). Re-
cent ﬁndings concerning gradient elastic bars in tension (Tsepoura
et al., 2002) are also captured by the approach proposed herein.
2. Problem description
2.1. Constitutive equations and general boundary conditions
We consider a planar cable segment with local polar coordi-
nates as depicted in Fig. 1. We use a coordinate system that follows
the central axis of the cable. The introduction of this system is
motivated by the assumption of inﬁnitesimal strains, as discussed
by Simo and Vu-Quoc (1986) who proposed an alternative ap-
proach based on the inertial frame. The use of a ﬂoating system al-
lows a simple expression for the total potential energy of the cable,
but leads to a cumbersome form of the kinetic energy, Simo andFig. 1. Cable segment in polar coordinates (er,eh,ez = er  eh are the polar
coordinates base vectors).Vu-Quoc (1986). Since we are only interested in the static solution
of the cable, we will postpone the use of the aforementioned
authors’ approach in future work, where we will include dynamic
solutions and large strains. It should also be noted that we are
studying the cable case and not the beam case, as Simo and Vu-
Quoc (1986) and Vu-Quoc and Ebcioglu (1996) did for single and
multiple ply-type of beams respectively.
Our aim is to determine the shape of the cable under a general
system of body forces, i.e. to evaluate the radius of curvature r(h),
where h is the angle tangent to the center-line of the cable. In addi-
tion, we will determine the local stress ﬁelds shh(h) that are applied
to the cable. We will apply a simpliﬁed version of gradient elastic-
ity that relates with the strain and the strain gradient tensor.
Assuming a homogeneous and isotropic behavior, the constitutive
equations of our problem reduce to
s ¼ C : eðsrr;shh;srh ¼ shrÞ
l
_ ¼ ‘2rs ð1Þ
where s is the stress tensor conjugate to the strain tensor, C the
fourth order elasticity tensor, l
_
the couple stress tensor conjugate
to the strain gradient and ‘ is the internal length. The gradient oper-
ator vector is
r ¼ @
@r
;
1
r
@
@h
 T
The constitutive Eq. (1) imply an elastic strain energy type
W ¼ 12 s : eþ 12 l
_
: j
_
, where e is the strain tensor and j
_
the strain
gradient tensor (see Appendix A for explicit details of the problem
kinematics).
The boundary conditions associated to the virtual work theo-
rem take the form (Mindlin and Eshel, 1968; Bleustein, 1967)
P
_
¼ n  ðs pÞ  Dðn  l_Þ þ ðD  nÞn  ðn  l_Þ
R
_
¼ n  ðn  l_Þ
ð2Þ
in which n is the outward unit normal vector, D = n  r is the nor-
mal derivative on the surface, D =r  nD is the surface derivative
and p ¼ r  l_. In the classical case ‘ ¼ 0;P_ ¼ n  s and R_ ¼ 0. ( P_ is
work conjugate to the displacement vector u and R
_
is work conju-
gate to @u
@nÞ .
2.2. Reduction of the boundary conditions to the cable problem
Taking the sides of the cable to be parallel to each other and to
the center-line, according to Fig. 2a, the outward unit normal vec-
tor becomes
n ¼ er ð3Þ
In this case D = ± @/@r and D = (0, (@/@r)/r)T.
Moreover, we demand that on the sides R
_
¼ ðl_rrr ;l
_
rrhÞT ¼ 0 ,
yielding
l
_
rrr ¼ 0
l
_
rrh ¼ 0
ð4Þ
We also demand that P
_
¼ 0 at the side boundaries, which along
with the previous boundary condition yield (at the sides)
P
_
¼ n  ðs pÞ  Dðn  l_Þ ð5Þ
P
_
r ¼ srr  @l
_
rrr
@r
 1
r
@l
_
hrr
@h
þ 2
r
l
_
hrh þ l
_
rhh
r
 1
r
@l
_
rrh
@h
¼ 0
P
_
h ¼ srh  @l
_
rrh
@r
 1
r
@l
_
hrh
@h
 l
_
hrr  l
_
hhh
r
 1
r
@l
_
rhh
@h
¼ 0
ð6Þ
Fig. 2. Boundary conditions at the surfaces of the cable (a) and at the edges (b).
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r ¼ s 1
3
ð2l_ r þ pÞ ð7Þ
and the ‘‘true’’ couple stress tensor:
l  ez ¼ ðlrz;lhzÞT
lrz ¼
2
3
ðl_rrh  l
_
hrrÞ
lhz ¼
2
3
ðl_hrh  l
_
hrhÞ
ð8Þ2.3. Equilibrium equations
Regarding the loading of the cable, we assume simple in-plane
body forces of the form f = (fr, fh)T as shown in Fig. 2b, and hence the
equilibrium equations can be written as follows:
r  ðsr  l_Þ þ f ¼ 0 ð9Þ
Thus, the out-of-plane component (z-direction) of equilibrium is
@l
_
rz
@r
þ 1
r
l
_
rz þ @l
_
hz
@h
 !
þ rrh  rhr ¼ 0 ð10Þ
while the in-plane components of equilibrium are
@rrr
@r
þ 1
r
@rhr
@h
þ rrr  rhh
r
þ fr ¼ 0
@rrh
@r
þ 1
r
@rhh
@h
þ rrh  rhr
r
þ fh ¼ 0
ð11Þ
In order to reduce the theory to essentially one dimension (the
cable axis), we apply an averaging scheme along the thickness
direction according to
ðÞ ¼ 1
t
Z t=2
t=2
ðÞdr ð12Þ
where t is the thickness of the cable.
Furthermore, we assume that since t is very small, it is valid that
r  rðhÞ ð13Þ
We also consider that the classic cable assumptions hold and are gi-
ven by:
srr  srrðhÞ ¼ 0
srh  srhðhÞ ¼ 0
shh  shhðhÞ
ð14aÞThen, the immediate application of the above assumptions leads to
the following approximations
l
_
hrr  l
_
hrrðhÞ ¼ 0
l
_
hhh  l
_
hhhðhÞ ¼ ‘
2
r
@shh
@h
ð14bÞ
l
_
hrh  l
_
hrhðhÞ ¼  ‘
2
r
shh
Next, we could use the boundary condition R
_
¼ 0 and obtain from
Eq. (4) the approximations (see Eq. (B.1) of Appendix B):
@l
_
rrr
@r  @l
_
rrr
@r ¼ 0 l
_
rrr  l
_
rrrðhÞ ¼ 0
and
@l
_
rrh
@r  @l
_
rrh
@r ¼ 0 l
_
rrh  l
_
rrhðhÞ ¼ 0
ð14cÞ
The boundary condition P
_
¼ 0 gives the additional approximations
(from Eq. (6)):
l
_
rhh  l
_
rhhðhÞ ¼ 2l
_
hrhðhÞ and @l
_
hrh
@h
 l_hhh ð14dÞ
Imposing the above assumptions to the aforementioned equilib-
rium equations, their out-of-plane component Eq. (10) is automat-
ically satisﬁed (see Appendix B), while their in-plane ones
become:
1
r
@rhr
@h
þ rhh
r
þ f r ¼ 0) @
rhr
@h
 rhh
r
þ f rr ¼ 0; ðr – 0Þ ð15Þ
1
r
@rhh
@h
þ rhr
r
þ f h ¼ 0) @
rhh
@h
þ rhr þ f hr ¼ 0 ð16Þ
The above equilibrium equations, after some elaboration take the
form:
‘2
@2shh
@h2
 3r
0‘2
r
@shh
@h
 shhr2 þ f rr3 ¼ 0 ð17aÞ
r2
@shh
@h
 r @
2 ^lhhh
@h2
þ r @
^lhhh
@h
þ 2r ^lhhh þ f rr3 ¼ 0 ð17bÞ
where r0 ¼ drðhÞdh (and f r ¼ f rðhÞ; f h ¼ f hðhÞ for conservative loads).
It should be noted that in the classic case ‘ = 0 and so one may
write
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rhr ¼ 0
 shh þ f h  r ¼ 0
@shh
@h
þ f h  r ¼ 0
shhðhÞ > 0
ð18Þ
which are the well-known equations for the classical cable equilib-
rium (Irvine, 1992). For the limiting case of a straight cable, it can be
shown that
r !1; 1
r
@
@h
! @
@y
r0 ! 0; l_hhh ! ‘2 @
shh
@y
rhh ! shh  @l
_
hhh
@y
; l
_
hrh ! 0; rhr ! 0
ð19Þ
and consequently Eqs. (17) become
f r ¼ 0
@shh
@y
 ‘2 @
2shh
@y2
þ f h ¼ 0
ð20Þ
which are the equations for a straight beam in tension within the
strain gradient elasticity theory (Polyzos et al., 2003).
The tractions at cross sections normal to the center line of the
cable can be evaluated by taking
n ¼ eh ð21Þ
as shown in Fig. 2b. In this case D = (@/@h)/r and D = (@/@r,0)T and
R
_
¼ ðl_hhh;l
_
hrhÞT ;P
_
¼ n  ðs pÞ  Dðn  l_Þ:
Then
ðD  nÞn  ðn  l_Þ ¼ 0 ð22Þ
Also
n  s ¼ ðsrh; shhÞT ð23Þ
n  p ¼ @l
_
rrh
@r
þ 1
r
@l
_
hrh
@h
þ l
_
rrh þ l
_
hrr  l
_
hhh
r
;
@l
_
rhh
@r
þ 1
r
@l
_
hhh
@h
þ l
_
rhh þ 2l
_
hrh
r
 !T
ð24Þ
Dðn  l_Þ ¼ @l
_
hrh
@r
;
@l
_
hhh
@r
 !T
ð25Þ
and
P
_
r ¼ srh  @l
_
rrh
@r
þ 1
r
@l
_
hrh
@h
þ l
_
rrh þ l
_
hrr  l
_
hhh
r
 !
 @l
_
hrh
@r
P
_
h ¼ shh  @l
_
rhh
@r
þ 1
r
@l
_
hhh
@h
þ l
_
rhh  2l
_
hrh
r
 ! ð26Þ
Therefore, the average boundary values are:
R
_
ðhÞ ¼ l_hhhðhÞ;l
_
hrhðhÞ
 T
¼ ‘
2
r
@shh
@h
;shh
 T
ð27Þ
PrðhÞ ¼  1r
@ ^lhrh
@h
 @
^lhhh
r
 !
¼ 2
r
^lh@h
PhðhÞ ¼ shh  1r
@ ^lhhh
@h
 4@
^lhrh
r
¼ shh 1þ 4‘
2
r2
 !
 1
r
@ ^lhhh
@h
ð28Þ
Note that in the classic limit ‘ ¼ 0; PrðhÞ ¼ 0 and

P
_
hðhÞ ¼ shhðhÞ, as
expected.3. Solution methodology and numerical example
We observe that the equilibrium Eqs. (17), to be solved along
with the corresponding boundary conditions are highly nonlinear
and their solution requires a special procedure. We will formulate
an initial value problem with known values at one end of the cable
(x,y) = (0,0). In particular, we propose the following steps, within
the general concept of backward Euler methods (Hildebrand,
1987):
(a) Solve Eq. (17a) for the axial stress shhðhÞ assuming that the
curvature rðhÞ is known. Note that shhðhÞP 0. In this step
rðhÞ and r0ðhÞ are taken numerically from the following step.
(b) Solve Eq. (17b) for the curvature rðhÞ assuming
l
_
hhhðhÞ ¼ ‘2r @shh@h known. In this step we use shhðhÞ taken from
the previous step.
Iteratively, these steps are repeated, until full convergence is
achieved.
We discretize with respect to h and then the derivatives with re-
spect to the current iteration point are taken numerically, using the
previous point of the iteration. If f r ¼ 0, then Eq. (17b) has only one
non-zero solution. If f r – 0 and r – 0, then Eq. (17b) is a 2 nd-order
equation that has real solutions, if and only if
@shh
@h
 2  4f r 2 ^lhhh þ @ ^lhhh@h  @2 ^lhhh@h2
 
P 0. Typically, this constraint
holds for ‘ rðhÞ.
As an example, we take a simple cable, where at its initial point
(h = 0) we know the curvature, the initial axial stress and, in addi-
tion, the couple stresses as well as their derivative with respect to
h, i.e.
h0 ¼ 0
rð0Þ ¼ r0 > 0
shhð0Þ ¼ s0 > 0
^lhhhð0Þ ¼ l^0
@l
_
hhhð0Þ
@h
¼ l^00
ð29Þ
We also assume gravity-like body forces in the x-direction of the
form:
f r ¼ cx cos h sin h
f h ¼ cx sin2 h
f rð0Þ ¼ cx > 0
ð30Þ
For the case presented herein, the pertinent normalized values are
‘
r0
 2
¼ 1:5 104
cxr0
s0
¼ 1
ð31Þ
An angular increment of Dh = 0.001 rad was applied taking up to
521 steps along the cable. Note that the non-classical boundary con-
ditions are
ðr0=‘Þ2
2s0r0
l^0 ¼ 2
ðr0=‘Þ2
s0r0
l^0 ¼ 0
ð32Þ
The classic solution in this case is
rðhÞ ¼ r0
cos3 h
shhðhÞ ¼ cxr0cos2 h ¼
s0
cos2 h
ð33Þ
Fig. 3. Curvature vs. angle plots for the classical elasticity and gradient elasticity
solutions (r0 = 1 m).
Fig. 4. Axial stress vs. angle plots for the classical elasticity and gradient elasticity
solutions s0hh ¼ 1 kPa
 
.
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by noting that
rðhÞ  r0
cos3 h
ð34Þ
Then shhðhÞ can be approximated to ﬁrst order with respect to h as
shhðhÞ  s0cos2 hþ spðhÞ ð35Þ
with sp(h) < s0/cos2h. Eq. (17a) can be then approximated as
‘2
r20
s00p þ 2s0
 
 sp  0 ð36Þ
The solution of (36) is
spðhÞ ¼ c1e
r0
e h þ c2e
r0
e h þ 2s0‘
r20
2
ð37Þ
with c1 and c2 constants. Using as boundary conditions
spðhÞ ¼ 0
^lhhhð0Þ ¼ l0
ð38Þ
we obtain the constants
c1 ¼ s0‘r20
2
þ l0
2‘
c2 ¼ s0‘r20
2
 l0
2‘
ð39Þ
Using the approximations (34), (35) and (37) we can verify that to a
ﬁrst order approximation Eq. (17b) becomes
r20
@sp
@h
 r0 @
2l
_
hhh
@h2
þ 2r0l
_
hhh  0 ð40Þ
The particular choice of c1, c2 by Eq. (39) gives
@l
_
hhh
@h
ð0Þ ¼ 0 ð41Þ
as expected from the boundary condition (32b). In addition, Eq. (40)
is satisﬁed to ﬁrst order.
We conclude that the zeroth order approximation for rðhÞ leads
to ﬁrst order approximation for shhðhÞ . If l0 > 0, then the stress
shhðhÞ is increasing with h (for small values of h). If
l0 > 2s0‘
3=r20; shhðhÞ is unconditionally increasing with h. If
l0 < 0, then the stress shhðhÞ is unconditionally decreasing with h.
In the spirit of Singlair and Hodder (1981) we can include the
cable deformation, if we use a pair of Lagrangian coordinates,
one associated with the strained shape and the other with the un-
strained shape of the cable. In both cases, we can use the derived
solutions, provided that we assign the result for the curvature to
the strained shape of the cable. Then, the deformed shape of the
cable y(x) can be found numerically by integrating the relation
1
rðhÞ ¼ 
d2y
dx2
cos3 h ð42Þ4. Numerical results and discussion
For the exemplary case outlined in the previous section, numer-
ical results are presented in graphical form, and in particular the
plots r(h) vs h and shh(h) vs h for both the classical and gradient
elasticity approaches are depicted in Figs. 3 and 4 respectively.
From the 1st plot, as h increases from its initial zero value, it is evi-
dent that the curvature experiences an exponential increase forh > 210, a fact implying a much stiffer response compared to the
classical elasticity solution.
This response can be more comprehensively perceived from the
contents of Fig. 4, where one can observe a much more rapid in-
crease of the axial stress provided by the present approach than
the one predicted by the classical elasticity theory (see also the
approximate solution (37)).
Evidently, this pronounced stiffening can be observed in the
rim-braking mechanism of bicycles, by either rod-actuated or
cable-actuated (via mainly Bowden cables) brakes, where brake le-
vers or pedals introduce a signiﬁcant dipolar action directly or by
friction dependent indirect action. For more details one may refer
to various relevant (mostly commercial) publications concerning
bicycle braking mechanism and their variations, for example
Wilson (2004).
5. Conclusions
In this work a simpliﬁed gradient elasticity approach associated
with the static response of plane cable segments under simple
body forces is presented (Eqs. (17)), leading to the important ﬁnd-
ing that taking into account the dipolar action leads to increased
stiffness, which normally is neglected in the context of classical
elasticity solutions. The numerical procedure is robust and accu-
rate. To the knowledge of the authors the presented results are no-
vel, have been observed in real applications and, in the absence of
internal length, can capture the classical cable solutions. In case of
straight cables, the presented results reduce to existing ones con-
cerning gradient elastic bars in tension.
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Fig. B.1. (A) The average values of the ‘‘true’’ stresses and couple stresses, (B)
Typical cable micro structure (weaved ﬁbers come in contact and friction is
developed when ﬁbers slide against each other).Appendix A. Kinematics in polar coordinates
Displacement vector:
u ¼ ður;uhÞT ðA1Þ
Strain tensor:
e ¼ 1
2
ðurþruÞ ðA2Þ
where
r ¼ @
@r
;
1
r
@
@h
 T
Polar coordinate base vectors (see Fig. 1):
er; eh; ez
where
er  er ¼ eh  eh ¼ 1
er  eh ¼ eh  er ¼ 0
ez ¼ er  eh
ðA3Þ
Geometric relations:
err ¼ @ur
@r
ehh ¼ 1r
@uh
@h
þ ur
 
erh ¼ ehr ¼ 12
@uh
@r
þ 1
r
@ur
@h
 uh
   ðA4Þ
Spin tensor:
x ¼ 1
2
ðurruÞ
xhr ¼ xrh ¼ x3 ¼ 12
1
r
@ur
@h
 uh
r
 @uh
@r
  ðA6Þ
Strain gradient tensor:
j
_ ¼ re;
j
_
rrr ¼ @err
@r
j
_
rhh ¼ @ehh
@r
j
_
rrh ¼ @erh
@r
j
_
hrr ¼ 1r
@err
@h
 2erh
 
j
_
hhh ¼ 1r
@ehh
@h
 2erh
 
j
_
hrh ¼ 1r
@erh
@h
þ err  ehh
 
ðA7ÞAppendix B. Stresses and couple stresses in polar coordinates
The couple stress tensor conjugate to the strain gradients: (see
Fig. B.1)
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The gradient of the couple stresses is:
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The components of the non-symmetric (true) stress tensor are:
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Using the cable approximations (B.3) become:
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Also
lrz  lrzðhÞ ¼
2
3
l
_
rrh  l
_
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¼ 0
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Replacing to the out-of-plane equilibrium Eq. (10), we have
1
r
@l
_
hz
@h
 rhr ¼ 2r
@l
_
hrh
@h
þ 2l
_
hhh
r
¼ 0 ðB:6Þ
So, this equilibrium equation is satisﬁed automatically in an aver-
age sense.
Note that, since rrr ¼ 0; rhr ¼ 0, and lrz ¼ 0, the sides of the
cable are free from true tractions and moments. on the other hand,
since rhr – 0 and lrh ¼ 0 the cross sections of the cable experience
a ‘‘bending’’ type of stressing. Indeed, the local contact and friction
l
_ ¼ 0 between the weared ﬁbers of the cable can produce such
type of stressing.
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